(DG) can have a significant impact on distribution system voltage regulation. The effects vary according to the DG device: in particular, synchronous generators present voltage control systems which interfere with the voltage regulation of the distribution systems. The paper analyzes two voltage control schemes for synchronous generators connected to MV distribution systems. They are designed according to different approaches: the first one is based on a fixed-parameter PID regulator whereas the second one employs an adaptive selftuning technique. With reference to a case study, the two schemes are compared in terms of dynamic performance and dynamic interaction with distribution system voltage regulation, which is performed by the On-Load Tap Changer (OLTC) of the supplying HV/MV transformer.
Introduction
For many years, distribution systems were designed to deliver energy to the customers taking it from primary stations, without any generation in these systems. However, due to the recent changes of the legislative frame pushing towards liberalization of the electricity sector, generating units are being introduced into distribution systems. These generating units are referred to as Distributed Generation (DG).
The connection of DG close to the loads in distribution systems provides some benefits. It may increase power quality and reliability from the customers' perspective. It may also help the utilities to face the load growth by delaying the upgrade of distribution lines. Moreover, DG using renewable energies is often encouraged and financially supported thanks to its low environmental impact.
On the other hand, there are difficulties related to parallel operation of DG with the existing distribution systems [1] . In fact, the presence of DG introduces additional supplying nodes and may revert power flow directions along the feeders. The impact of DG on distribution system voltage profile is also significant [2] . Its effect varies according to the type of the DG device and depends on the distribution network characteristics. In particular, DG can be equipped with voltage control systems which interfere with voltage regulation of the distribution system.
The paper tackles the problem of comparing the performance achieved by two voltage control schemes on DG synchronous generators. The two schemes are designed according to different approaches: the first one is based on a fixed-parameter PID regulator whereas the second one employs an adaptive self-tuning technique. Particular attention is paid to dynamic performance and dynamic interaction with distribution system voltage regulation, which is performed by the On-Load Tap Changer (OLTC) of the supplying HV/MV transformer. The comparison refers to numerical simulations of a case study.
Distribution system voltage regulation
Improving nodal voltage profile in a MV distribution system is usually attained by changing the HV/MV substation transformer ratio using the OLTC and by connecting/disconnecting the capacitors in the substation and along the feeders of the distribution system. The voltage regulation problem in MV distribution system is traditionally split into two hierarchical levels: the off-line optimal setting problem and the on-line control problem.
The off-line problem determines, typically on a daily schedule, the optimal settings for the on-line voltage control reference signals and the optimal sequences of connection/disconnection of the capacitors.
The on-line problem aims at control of OLTC by closed loop regulation so as to keep the voltage amplitude close to the reference value v T ref obtained from the offline problem solution. In Figure 1 the voltage regulation scheme for OLTC is shown. The controlled voltage is either the measured transformer secondary voltage rms value v T (t) or a calculated rms value v n (t) of the voltage of node n along the feeder. The latter case is usually referred to as Line Drop Compensation (LDC) principle. The LDC block in Figure 1 estimates v n (t) from the measurements of the apparent power p T (t) + jq T (t) supplied by the transformer to the distribution system, according to: where r c and x c are, respectively, the resistance and the inductance to be compensated, that is the resistance and inductance of the line between the transformer and the node n along the feeder.
The aim of the regulation is to guarantee that the error between the controlled voltage v n (t) and the voltage reference v T ref (t) is kept inside an accepted range of tolerance, despite the presence on disturbances. For this purpose, the OLTC varies the transformer ratio a. For a detailed description of the features of the voltage regulation performed by the OLTC refer to [3] .
Voltage control schemes on distributed synchronous generators
The performance of the on-line voltage regulation may be strongly affected by DG connected to the distribution system. In some cases, the presence of DG may cause over-voltages by injecting active power along the feeders; in other cases, when LDC is adopted, DG may cause under-voltages because its presence reduces the current supplied by the transformer and, consequently, the OLTC compensation.
The interaction between the distribution system voltage regulation and the DG varies significantly according to the type of electrical interfaces between DG and the distribution system. In particular, DG adopting synchronous generators is usually equipped with voltage control systems. Then, the dynamic interaction between the DG devices and the OLTC voltage regulation must be analyzed.
The design of two different control schemes are presented.
The first one is a fixed-parameter Automatic Voltage Regulator (AVR), often adopting a PID structure. Such scheme may be enriched with additional VAR/powerfactor external control loops, see [4] .
The second voltage control scheme is based on the use of adaptive self-tuning technique. It is derived from the general scheme proposed in [5] for the specific case of synchronous generators. It uses a frequency domain model based on the Thevenin equivalent circuit, which models power system response to changes of the synchronous generator operating point.
The phasor equation associated with the Thevenin equivalent circuit shown in Figure 2 is
Generator and Exciter
u(t)
Thevenin equivalent circuit 
Concerning the synchronous generator, in the framework of voltage amplitude control problem, the following simplifications are typically assumed [6] by neglecting
• the stator "transformer emfs", that is the emfs due to magnetic flux time derivatives, • the effects of speed variation on stator voltage, • the distortion of stator voltage and current waveforms. The transformer emfs can be neglected because the electrical transients associated with them rapidly decay compared to the transients involved in voltage control. The second assumption generally counterbalances the approximations introduced by the former one. The third assumption is very close to reality, especially for largesized generators. With such assumptions, it is possible to adopt a model that uses time-varying phasors at fundamental frequency to represent stator voltages and currents.
The synchronous generator phasor model is described by adopting the Park transformation changing the threephase phasors to the (d − q − 0) representation. The (d − q) axes are fixed to the rotor flux magnetic axis. Concerning the 0 axis, which is fixed in space, since the zero-sequence component of the stator current is usually null, in the above assumptions no voltage is present. The synchronous generator stator voltagev G (t) and current ı G (t) phasors are represented, respectively, as
while the stator voltage amplitude is
According to the above assumptions, and neglecting the nonlinear effect of saturations, the following simplified transfer functions can be adopted to model the synchronous generator in the Laplace operator s [7] In addition to (6)- (7), it is necessary to model also the dynamic response of the exciter to represent the actual variation of v ex (t) in response to a variation of the command input u(t). Such a response is strictly dependent on the exciter characteristics. Among different types of exciter configuration that can be used [8] , in the remainder we will refer to a rectifier-based excitation system.
To model the dynamic response of the exciter, the thyristor bridge rectifier can be represented by including a time delay τ ex , which is obviously set equal to 1/6 of the time period of the fundamental frequency, and a time constant T ex , which is equal to 3−4 ms, yielding the following transfer function:
The structure of the proposed adaptive AVR control scheme is shown in Fig. 3 . The two blocks named Kalman Filters are necessary to identify and track the values of the voltage and current phasors at fundamental frequency at the regulation node, namelyv G andī G . These values are the inputs of the block named CRLS in which the parameters of the Thevenin equivalent circuit are estimated every T e seconds using a constrained recursive least-squares algorithm. The estimated parameters are subsequently sent to the block denoted as Design to determine, according to well-established discrete-time design techniques, the polynomials F v , G and H. Such polynomials concur to define the control input u which is calculated in the block named AVR.
To estimate the parameters r eq , x eq , v 0,r and v 0,i let us considering model (2) written including dynamics only on current phasors (first order model). Accordingly one has
in which Θ ∈ IR 5×2 , where t e,k = k T e denotes the kth time sample with k ∈ Z and
In (10) the quantity c v is a constant input; it acts as a scaling factor. Since in steady-state it is
the steady-state value y(∞) of the output model (9) is given by
Comparing (2) with (11), it is possible to derive the following "physical" conditions on the parameters
To estimate matrix Θ, the following prediction model of the output variable y(t e,k ) is considered:
Applying a recursive least-squares algorithm constrained by (12), it is possible to obtain Θ which enables to determine the parameters r eq , x eq , v 0,r and v 0,i according to [5] r eq = w Concerning the structure of the AVR, it is sketched in Figure 4 . The polynomials in the backward shift operator z −1 define the regulator law
where t c,k = kT c being T c the sampling period.
In the block named Design in Figure 3 , the polynomi-
and H(z −1 ) are designed on the basis of the pole-assignment technique [9] . To this aim let us consider the following transfer function 
in which
where
. 
Polynomials F (z −1 ) and G(z −1 ) are designed according to the pole assignment technique. To this aim, a polynomial T (z −1 ) is assigned, whose roots represent the desired closed loop poles. Then, F (z −1 ) and G(z −1 ) are obtained by solving every steps, with a fixed integer, the following Diophantine equation
(17) which has an unique solution if A(z −1 ) and B(z −1 ) are co-prime and following constraints 
The block scheme of the closed loop equivalent system is reported in Figure 5 .
Case study
To compare the two voltage control schemes applied to the DG in terms of both their performance and their effects on the distribution system voltage regulation a case study has been considered. The simple distribution system shown in Fig. 6 presents a 20 kV feeder, supplied from a HV/MV trasformer equipped with OLTC, and a DG device, that can be connected to any load busbar. The network data are reported in Table I .
The DG device is assumed to be equipped with a controlled synchronous generator, whereas the prime mover
T DG Fig. 6 . Test distribution system. 
u.] 0.0398 0.00398 0.0398 500 500 generates an assigned mechanical power (1.6 MW) and no speed governor is present. The data related to the DG synchronous generator and transformer are reported in Table II, whereas Table III is referred to HV/MV transformer data. The p.u. quantities are calculated assuming as reference basis the rated power of each device and the 20 kV system rated voltage. In the following CASE A refers to DG equipped with a classical PI regulator, whereas CASE B to the adaptive control scheme recalled in Sect. 3. The comparison is performed in the case of DG connected at busbar with load L 1 . In fact, this is the case in which the DG is electrically nearest to the substation transformer and, consequently, there is the strongest possible coupling between the control systems respectively of the OLTC and of the DG. Concerning the OLTC, it adopts a simple integrator with a deadband and LDC is performed to obtain the voltage v 3 at the busbar with load L 3 .
The (Figures 7 and 8) , the response assured by the adaptive control scheme (CASE B) is faster than the one obtained in CASE A.
At time instant equal to 25 s a step variation is applied to the no-load voltage at the HV busbar of the primary supplying station, which changes from 1.0 to 1.02 p.u.. Due to the change of the system operating conditions, both OLTC regulator and DG voltage control react to the voltage perturbation. In particular (Figures 9 and 10) two changes of the HV/MV transformer ratio a take place: the first one after about 0.1 s and the second one after about 1 s. The time evolution of voltages (Figures 7 and 8) show the strong interaction between the synchronous voltage control action and the OLTC regulation. It is important to notice that, due to the different operating conditions, the standard PI control scheme presents a larger rising time with respect to the one assured in the previous perturbation. On the contrary, the adaptive control scheme guarantees always the same rising time and, consequently, the responses of the voltages after OLTC step variations are much faster with respect to the performance obtained by the standard PI controller. Such higher performance is obtained by the adaptive control scheme thanks to a stronger action on the excitation 
Conclusions
The paper analyzes two voltage control schemes for distributed synchronous generators connected to MV distribution systems. The schemes are designed according to two different approaches: the first one is based on a fixed-parameter PID regulator whereas the second one employs an adaptive self-tuning technique. With reference to a case study, the two schemes are compared in terms of dynamic performance and dynamic interaction with distribution system voltage regulation, which is performed by the On-Load Tap Changer (OLTC) of the supplying HV/MV transformer. The simulation results have shown that the adaptive control scheme assures a faster voltage recovery in response to variations of the system operating conditions. However, such higher performance requires a more intensive control action on the DG. Further studies will investigate the possibility of adopting innovative control techniques also on the OLTC and of improving the coordination between the DG voltage control schemes and the distribution system voltage regulation.
